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Abstract 
The utilization of inoculants containing Azospirillum is becoming more popular due to increasing reports of expressive 
gains in grain yields. However, incompatibility with pesticides used in seed treatments represents a main limitation for 
a successful inoculation. Therefore, in this study we searched for alternatives methods for seed inoculation of maize 
and wheat, aiming to avoid the direct contact of bacteria with pesticides. Different doses of inoculants containing 
Azospirillum brasilense were employed to perform inoculation in-furrow, via soil spray at sowing and via leaf spray after 
seedlings had emerged, in comparison to seed inoculation. Experiments were conducted first under greenhouse con-
trolled conditions and then confirmed in the field at different locations in Brazil. In the greenhouse, most parameters 
measured responded positively to the largest inoculant dose used in foliar sprays, but benefits could also be observed 
from both in-furrow and soil spray inoculation. However, our results present evidence that field inoculation with 
plant-growth promoting bacteria must consider inoculant doses, and point to the need of fine adjustments to avoid 
crossing the threshold of growth stimulation and inhibition. All inoculation techniques increased the abundance of 
diazotrophic bacteria in plant tissues, and foliar spray improved colonization of leaves, while soil inoculations favored 
root and rhizosphere colonization. In field experiments, inoculation with A. brasilense allowed for a 25 % reduction in 
the need for N fertilizers. Our results have identified alternative methods of inoculation that were as effective as the 
standard seed inoculation that may represent an important strategy to avoid the incompatibility between inoculant 
bacteria and pesticides employed for seed treatment.
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Introduction
The bacterial genus Azospirillum encompasses bacte-
ria associated with various plant species such as maize 
(Zea mays L.), wheat (Triticum aestivum L.) and sug-
arcane (Saccharum spp.) (Swedrzyńska and Sawicka 
2001; Hungria et  al. 2010; Moutia et  al. 2010; Piccinin 
et  al. 2011). Azospirillum spp. are by far the best-stud-
ied plant growth-promoting bacteria (PGPB) (Bashan 
and de-Bashan 2010). They are believed to stimulate 
plant growth by an array of mechanisms including, but 
not restricted to, production and secretion of phytohor-
mones (Tien et al. 1979; Bottini et al. 1989), increase of 
nutrient availability (Rodriguez et  al. 2004; Bashan and 
de-Bashan 2005; Hungria et  al. 2010), and biological 
nitrogen fixation (BNF) (de-Bashan et al. 2012). In addi-
tion, Azospirillum spp. have been implicated in increas-
ing plant resistance to pathogens (Romero et  al. 2003; 
Tortora et al. 2011). Due to the wide array of mechanisms 
proposed for stimulation of plant growth by Azospirillum 
spp., Bashan and de-Bashan (2010) proposed a theory of 
multiple mechanisms that might act either in a cumula-
tive or sequential pattern.
The analysis of results from a large number of field tri-
als with various non-legume crops, conducted world-
wide over 20  years, under different soil and weather 
conditions, has demonstrated that yield increases of up 
to 30  % could be obtained 70  % of the time (Okon and 
Labandera-Gonzalez 1994) in response to inoculation 
with Azospirillum. In addition, an extensive evaluation of 
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wheat inoculated with a commercial liquid Azospirillum 
brasilense formulation at 297 locations in Argentina has 
demonstrated positive responses of up to 6 % increases in 
yield in 70 % of the cases, depending on the experimen-
tal conditions (Diaz-Zorita and Fernández-Canigia 2009). 
In Brazil, Hungria et al. (2010) observed increases of up 
to 30 and 18  % in the grain yields of maize and wheat, 
respectively, inoculated with elite strains of A. brasilense 
in field trials. In addition, there are also reports of grain 
yield increases by co-inoculation of legumes with A. bra-
silense and rhizobia, e.g. in soybean (Glycine max (L.) 
Merr.) and common bean (Phaseolus vulgaris L.) (Hun-
gria et al. 2013, 2015).
Even though field inoculation with Azospirillum may 
promote crop yield increases, limitations related to strain 
compatibility with chemicals employed for seed treat-
ment—mostly pesticides—may be expected (Puente et al. 
2008), as is the case with other PGPB such as Bradyrhizo-
bium (Campo et  al. 2009). There is little information 
available about the toxicity of pesticides employed for 
seed treatment towards non-target microorganisms and 
PGPB, and their various modes of action may affect dif-
ferent aspects of such beneficial microorganisms, making 
it difficult to infer about compatibility between products 
and inoculants (Yang et  al. 2011). Some chemicals have 
been shown to be very harmful to rhizobia (Hungria et al. 
2005; Campo et  al. 2009) and either harmless (Elslahi 
et  al. 2014) or very toxic (Mohiuddin and Mohammed 
2013) to Azospirillum.
Partial or total replacement of chemical fertilizers with 
PGPB may not only reduce costs, but also help to mitigate 
the negative environmental impacts of agricultural activi-
ties. There is much knowledge about formulations and 
inoculation technologies with PGPB (Bashan et  al. 2014), 
but further studies are necessary to evaluate the ease and 
viability of large-scale inoculation strategies, taking into 
account that sowing is a critical phase of the agricultural 
activity due to weather and season constraints for each 
crop. In addition, since seed treatment with chemicals will 
continue to be practiced, and until more information on 
this subject is available, inoculation strategies should try to 
avoid damage to the bacteria. The hypothesis of our study is 
that it is possible to find alternatives methods to seed inoc-
ulation of cereals with A. brasilense, reducing or avoiding 
the negative impacts of chemicals applied to the seeds.
Materials and methods
Inoculants and inoculation methods
Inoculants consisted of a mixture of strains CNPSo 2083 
(=Ab-V5) and CNPSo 2084 (=Ab-V6) of A. brasilense 
(from the Collection of Diazotrophic and Plant Growth-
Promoting Bacteria of Embrapa Soja, WFCC # 1213, 
WDCM # 1054). Both strains derived from a selection 
program that evaluated N2-fixing capacity in  vitro and 
under field conditions (Hungria et al. 2010). The strains 
were shown to be highly efficiency in promoting growth 
of wheat and maize in several trials in Brazil, mainly 
due to their capacity of producing plant hormones and 
increasing root growth and nutrients uptake. Both strains 
are currently employed for commercial production of 
Azospirillum inoculants in Brazil.
Four methods of inoculation were compared: (1) stand-
ard seed inoculation (SI) – control treatment; (2) inocula-
tion in the planting furrow at sowing (IPF); (3) leaf spray 
inoculation at the V2.5 stage of the maize plant growth 
cycle (Hickman and Shroyer 1994) or 3rd tiller (Large 
1954) for wheat (ILS); and (4) spray inoculation on the 
soil surface at the V2.5 stage of the maize plant growth 
cycle (Hickman and Shroyer 1994) or 3rd tiller (Large 
1954) for wheat (ISS).
For the maize crop 1 dose of inoculant corresponded to 
the application of 1.0 × 105 cells seed−1 for seed inocula-
tion (SI) and in-furrow (IPF) and to 1.0 × 105 cells plant−1 
for leaf spray (ILS) and soil spray (ISS). For the wheat 
crop 1 dose of inoculant corresponded to the application 
of 1.74 × 104 cells seed−1 for SI and IPF and to 1.74 × 104 
cells plant−1 for ILS and ISS. Different doses of inoculant 
were evaluated.
Greenhouse experiments
First, greenhouse experiments were performed aiming 
at screening the treatments for the field experiments and 
to obtain preliminary results about diazotrophic popula-
tions in plant tissues with different types of inoculation. 
We did not repeat the greenhouse experiments because, 
once the preliminary results were obtained, we went 
straight to the field experiments.
For the greenhouse experiments, both maize and wheat 
were grown in 3  kg-pots filled with soil collected from 
the 0–20 cm top layer of an Oxisol (Latossolo Bruno by 
the Brazilian classification) (Embrapa 2006) from Ponta 
Grossa (25°13′ S; 50°1′ W), Paraná State, Brazil. Soil 
characteristics are presented in Table 1. Soil acidity and 
base saturation were corrected by adding 6  g of lime 
pot−1 (equivalent to 4 t ha−1). Fertilization was accom-
plished by the addition of 100 mL micronutrient solution 
(H3BO3, 7.5  mg; Na2MoO4·2H2O, 0.3  g; CoSO4·7H2O, 
0.0045 mg) per pot and 200 mL of a phosphorus solution 
to provide 550 mg K2HPO4 per pot. Soils were poor on 
P, therefore we had to supply P, and micronutrients were 
added as recommended for the crops in this type of soil.
Pots were arranged in a completely randomized design 
with 18 treatments and five replicates. Treatments con-
sisted of combinations of varying doses of N fertilizer 
(100 % and 75 % N) and inoculants (1× and 2.5×), and 
different methods of inoculation (SI, IPF, ILS, and ISS).
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When maize was planted, each pot received three seeds 
of the BRS 3010 hybrid (Embrapa). Seeds, which were 
not surface disinfected in order to mimic field conditions, 
were treated with fungicide Maxim™XL [active ingre-
dient (a.i.: 2.5 % fludioxonil); 1.0 % metalaxyl − M] and 
insecticides Actellic™500 CE (a.i.: 50 % methyl pirimifos) 
and K-Obiol™25 CE (a.i.: 2.5 % deltametrine), according 
to technical recommendations for the crop in Brazil. Five 
days after emergence (DAE), one seedling was removed, 
leaving two plants per pot.
Wheat seeds were treated with Maxim™X, and each 
pot received four non-disinfected seeds of cultivar BRS 
Gaivota (Embrapa), leaving only two seedlings per pot at 
6 DAE.
Seed inoculation was performed 1  h before sowing 
by evenly coating seeds with the appropriate amounts 
of inoculants. For the in-furrow inoculation, inoculant 
diluted in sterile distilled water [1:500 (v:v), for maize; 
1:3000 (v:v) for wheat] was applied to the soil with the 
help of an adjustable pipetor, immediately before sow-
ing, to simulate the action of a planting device. Here it is 
worth mentioning that although the dilution with water 
might not be ideal in terms of osmotic effect for the bac-
terium, we wanted to follow what the farmer does under 
field conditons, where he mixes the inoculant with water. 
For leaf and soil surface spray inoculation, an aerograph 
atomizer was employed to mimic the action of a spray-
ing equipment. For leaf spray inoculation, the soil sur-
face was covered with aluminum foil in order to avoid 
that the inoculant reached the soil. For soil surface spray 
inoculation, plant shoots were covered with plastic bags 
to make sure that the inoculant reached only the soil 
surface.
For the final volume of liquid for both leaf and soil sur-
face spray inoculation was 1 mL (water + inoculant) per 
pot containing two plants, and inoculants were diluted 
with sterile distilled water at 1:1000 (v:v) and 1:7500 (v:v) 
for spraying maize and wheat, respectively. Foliar and 
soil spray inoculations of pots containing maize plants 
were performed 11 DAE, during the V2.5 vegetative stage 
(Hickman and Shroyer 1994). In the case of wheat, inocu-
lation took place 17 DAE, when plants were at tiller stage 
3, according to the scale of Feeks and Large (Large 1954).
  • For the maize plants, N was supplied as NH4NO3 in 
order to provide 120 (100 %) and 90 (75 %) kg N ha−1. 
N was applied in equal amounts every 8 days.
  • For the wheat plants, N was supplied as NH4NO3 in 
order to provide 80 (100 %) and 60 (75 %) kg N ha−1. 
N was applied in equal amounts every 8 days.
  • Average temperatures in the greenhouse during the 
experiments were of 29/16 °C (day/night) for maize, 
and 27/15  °C (day/night) for wheat; light inside the 
greenhouse was very close to the regular light, with a 
decrease of only 10 % of the radiation.
Plants from maize treatments were harvested 52 DAE 
(end of vegetative stage) for measurements of plant com-
ponents. Plants from wheat treatments were harvested 
54 DAE (end of vegetative stage) for measurements of 
plant components.
Before plants were harvested, chlorophyll content (CC) 
was determined according to Kaschuk et  al. (2009) and 
based on the SPAD (Soil Plant Analysis Development) 
index, with readings taken from the lowermost third of 
the +3 (Trani et al. 1983) leaf for maize, and of the last 
fully expanded leaf for wheat.
Biometric parameters such as plant height (cm; PH) 
and culm diameter (mm; CD) of maize plants were 
determined with the aid of a digital caliper. In the case 
of wheat, the number of tillers (NT) was determined. 
For both crops, root volume was determined by measur-
ing water displacement caused by immersion of the root 
systems in a graduate cylinder with a known volume of 
water.
Shoot dry weight (SDW) and root dry weight (RDW) 
were determined after drying plant material at 60 °C for 
approximately 72  h, until constant weight. Dry shoots 
were then ground (18 mesh) and subjected to sulfuric 
digestion to determine total shoot N by the salicylate 
green method (Searle 1984).
The populations of diazotrophic bacteria inside the 
leaves, roots, and rhizosphere were estimated by the most 
probable number (MPN) technique, as described before 
(Hungria and Araujo 1994; Döbereiner et al. 1995), from 
dilutions (105 to 109) of soil or homogenized tissues. 
Diazotrophic populations in leaves and roots were always 
Table 1 Chemical (before liming) and granulometric characteristics of the soil employed for greenhouse experiments




























Clay (%) Silt (%) Sand 
(%)
3.70 4.82 0.12 5.68 3.44 0.25 3.69 9.37 39.4 8.2 24.70 6.82 68.48
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evaluated in superficially disinfected tissues (Döbereiner 
et  al. 1995). We used the classical MPN method in our 
study because we wanted to be sure that the same strains 
would be evaluated in the field experiments. Brazilian 
soils carry very high populations of Azospirillum (usu-
ally >104 cells g−1), and there are so far no specific probes 
capable of distinguishing CNPSo 2083 and CNPSo 2084 
from indigenous strains. The surface disinfection of 
leaves and roots should allow to access bacteria inside 
the tissues, including both obligatory and facultative 
endophytes, while the counting of bacteria in the rhizo-
sphere would estimate the population of associative bac-
teria (Döbereiner et al. 1995). It is worth mentioning that 
despite the limitations of the NMP method, our goal was 
to have an indication if the bacteria could, or could not 
colonize tissues and to establish in the rhizosphere.
Field experiments
Sites descriptions
Three field trials with maize and one with wheat were 
performed in the 2012/2013 (maize, summer crop) and 
2013 (wheat, winter crop) cropping seasons. The experi-
mental sites were located in Cachoeira Dourada, Luis 
Eduardo Magalhães, and Ponta Grossa (maize) and Ponta 
Grossa (wheat) (Table  2). Before sowing of the summer 
crop (maize), 20 subsamples were collected from the top 
(0–20  cm) layer of soil from each location, were dried 
(40 °C, 48 h) and sieved (2 mm) to prepare a composite 
sample, which was analyzed to determine chemical and 
granulometric properties (Table  3) (Klute 1986; Sparks 
1996), as previously described (Hungria et al. 2006).
Experimental design and procedures
All field trials were set in a completely randomized 
block design comprising 11 treatments, with six rep-
licates. Experiments were planted with commercial 
seeds and the maize and wheat genotypes used are 
listed in Table  2. Seeds were treated with fungicide 
Maxim®XL and insecticides Actellic®500 CE (a.i.: 
50 % methyl pirimifos) and K-Obiol®25 CE (a.i.: 2.5 % 
deltametrine).
Maize plots measured 4  m (wide)  ×  8  m (long). The 
experiment received 300 kg ha−1 of NPK (08-20-20) ferti-
lizer in the sowing furrow, to provide 24 kg N ha−1 imme-
diately before sowing. Thirty-five DAE, plants received 
complementary doses of urea-N fertilizer, correspond-
ing to 75 % N (67.5 kg ha−1) and 100 % N (90 kg ha−1) 
of the amount prescribed for the maize crop in Brazil. 
Therefore, when we mention 75 % of the dose, that refers 
to 75 % of the complementary dose of N-fertilizer, as the 
basal level of N was applied to all treatments. In Cach-
oeira Dourada, Spodoptera frugiperda insects were con-
trolled with lufenuron (15 g a.i. ha−1).
Wheat plots measured 4.6 m (wide) × 6 m (long). The 
experiment received 70 kg P ha−1 (supplied as super tri-
ple phosphate), 40  kg  K  ha−1 (supplied as potassium 
chloride) and either 24 kg N (urea) ha−1 at sowing plus 
67.5  kg  N  ha−1−as side dress (75  % N treatment) or 
24 kg N ha−1 at sowing plus 90 kg N ha−1 as side dress 
(100 % N treatment). Therefore, again, when we mention 
75 % of the dose, it refers to 75 % of the complementary 
dose of N-fertilizer, as the basal level of N was applied to 
all treatments.
Table 2 Agronomic and climatic information about the sites where the field experiments were planted
a Soil classification according to Embrapa (2006); all oxisols
b Kööppen’s climatic classification
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Cwa Maize hybrid 
2B707 HX









Aw Maize hybrid 
2B707 HX
24/11/2012 0.8 5 75,000 20/04/2013 7.2
Ponta Grossa






Cbf Maize hybrid 
P4285 H
05/12/2012 0.5 4 82,000 17/04/2013 8.0
Wheat cultivar 
BRS Pardela
25/06/2014 0.17 65 325,000 31/10/2013 7.2
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Inoculation in the field compared standard seed inoc-
ulation (SI; control treatment) with the application of 
one, two or four doses of inoculants in the planting fur-
row (IPF), and leaf (ILS) and soil (ISS) spray inoculations, 
in the same concentrations specified in the greenhouse 
experiments
In the case of inoculation in-furrow, as well as of foliar 
and soil spray inoculations, inoculants were diluted with 
water to a final volume of 150 L ha−1. Seed and in-fur-
row inoculations were performed at sowing, whereas leaf 
and soil spray inoculation took place when maize plants 
were at the V2.5 (Hickman and Shroyer 1994) vegetative 
stage and when wheat plants were at tiller stage 3 (Large 
1954). Spray applications were performed with a cos-
tal spray equipament (Herbicat), with air induction plan 
spray (VI-110.015), pression of 45 pounds, adjusted to 
the application of medium drops (200–400  µm). Other 
pertinent agronomic information about the experiments 
are presented in Table 2.
For maize, shoot dry weight (SDW), leaf N content 
(NC), total N in shoots (TNS), and grain yield at 13  % 
humidity (Y) were determined. For SDW, five plants 
were collected per plot 56, 61, and 30 DAE, in Cachoe-
ira Dourada, Ponta Grossa and Luis Eduardo Magalhães, 
respectively. In addition, 15 leaves (middle third section 
of each leaf without the main nerve) were taken from 
each plot for determination of NC and TNS at 92, 96, and 
84 DAE in Cachoeira Dourada, Luis Eduardo Magalhães, 
and Ponta Grossa, respectively. In the case of wheat, only 
grain yield at 13 % humidity was determined.
Statistical analyses
Data obtained from each experiment were first evaluated 
for normality and variance homogeneity, followed by 
the analysis of variance (ANOVA). In the case of green-
house experiments, when p ≤ 0.05 was confirmed by the 
F test, Duncan’s post hoc multiple range test at p ≤ 0.05 
was employed for multiple comparisons, followed by 
Dunnett’s test (p ≤  0.05) for the comparisons of means 
relative to the control treatment. For the field experiment 
Duncan’s post hoc multiple range test at p  ≤  0.05 was 
employed for multiple comparisons (SAS Institute 2001).
Results
Greenhouse experiment with maize
Shoot dry weight (SDW) was significantly increased 
(27  %) by soil spray inoculation (ISS) at the V2.5 stage 
with 2.5 doses of inoculant in addition to complemen-
tary fertilization with 75  % of the recommended side-
dress N, when compared to 75  % N fertilization alone 
(Table  4). When the same amount of inoculant was at 
planting in-furrow (IPF), and 75  % N fertilization was 
used (T9), results were similar to those obtained with 
the full (100 %) N dose (T2). Plants that received full N 
fertilization and were leaf spray-inoculated (ILS) at the 
V2.5 stage with 2.5 doses of inoculant (T14) presented a 
26 % increase in root dry weight (RDW) when compared 
to the non-inoculated 100  % N control (T2). N content 
(NC) of plants from in-furrow inoculation with a single 
inoculant dose and 75 % N fertilization (T7) was signifi-
cantly increased relative to seed inoculation (T3), and 
similar results were observed for total N in shoot (TNS). 
On the other hand, NC and TNS of plants from in-fur-
row inoculation with 2.5 doses of inoculant and 75 % N 
(T9) were apparently inhibited (Table 4).
Chlorophyll content (CC) and culm diameter (CD) 
were not affected by any of the treatments studied 
(Table  4). Root growth, as indicated by root volume 
(RV), responded positively to seed inoculation (SI) with 
2.5 doses of inoculant and full N fertilization (T6) when 
compared to all treatments of inoculation in-furrow (T7–
T10). Inoculation by soil spray with one dose of inocu-
lant in addition to full N fertilization (T16) significantly 
increased plant height (PH) relative to all treatments with 
seed inoculation and to the non-inoculated control that 
received 75 % N (Table 4).
Internal leaf colonization by diazotrophs, as estimated 
by the most-probable number (MPN) technique, was 
Table 3 Chemical and granulometric characteristics of 0–20 cm layer of the soils at the locations where field experiments 
were planted
All analyses were performed before sowing


































Cachoeira Dourada 4.50 5.25 0 4.05 4.97 0.35 5.32 9.37 56.8 28.40 58.65 18.55 22.80
Luis E. Magalhães 21.34 5.53 0 0.83 1.20 0.04 1.24 2.07 59.9 6.35 10.95 1.05 88.00
Ponta Grossa 2.80 4.90 0.17 4.75 4.85 0.23 5.08 9.83 51.7 30.50 23.80 3.00 73.20
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significantly superior in plants from treatments 6, 7, 10, 
and 11, when compared to plants from the non-inocu-
lated controls (T1 and T2) (Table 4). Higher internal leaf 
populations of diazotrophic bacteria were observed in 
plants from treatments in which one dose of inoculant 
was applied by leaf spraying at the V2.5 stage (T11 and 
T12), but also with 2.5 doses of inoculation in-furrow 
with 100  % of N (T10). Significantly increased internal 
root colonization by diazotrophic bacteria was observed 
in plants from T9, where 2.5 doses of inoculant were 
applied in-furrow with 75  % of N, in comparison to 
plants from the non-inoculated controls (T1 and T2). 
When rhizospheric soil was analyzed, the largest bacte-
rial populations were observed in association with T8, 
which received a single dose of inoculant in-furrow and 
100 % N (Table 4).
Greenhouse experiment with wheat
No significant differences were observed in SDW, but 
RDW varied significantly among treatments (Table  5). 
Application of one dose of inoculant by foliar spray at 
the tiller stage 3 (ILS) with 100  % N (T12) exhibited a 
57  % increase when compared with the non-inoculated 
100 % N treatment. ILS and soil spray inoculation at the 
tiller stage 3 (ISS) with 2.5 doses of inoculant and added 
of 100 % N (T14 and T18) promoted highest N contents 
(NC) and T14 also resulted in the highest accumulation 
of N in the shoots (TNS). Chlorophyll contents (CC) 
were significantly superior in the inoculated treatments 
that received reduced N fertilization, regardless of how 
inoculation was performed, except for conventional 
seed inoculation, when compared to the non-inoculated 
control with fertilization with either 75 or 100 % N. The 
application of 2.5 doses of inoculant in-furrow, combined 
with full N fertilization resulted in the highest CC among 
the treatments. No significant differences in RV were 
observed. Plants that received 100 % N and were inocu-
lated by leaf spray (T12) presented the largest number of 
tillers, and it is worth mentioning that in-furrow appli-
cation of a single inoculant dose combined with 75 % N 
(T7) was superior to the non-inoculated 75  % N treat-
ment (T1) (Table 5).
Bacterial populations were significantly larger on the 
leaves (internal) of plants from treatments with foliar 
spray inoculation (T11 and T14), when compared to non-
inoculated treatments (T1 and T2) (Table 5). In the case 
of the roots, diazotrophic bacteria were more numerous 
when a single dose of inoculant was sprayed on the soil 
with full N fertilization (T16), whereas for the rhizo-
sphere significantly larger bacterial populations were 
observed for in-furrow application of 2.5 doses of inocu-
lant (T10), compared to non-inoculated controls (T1 and 
T2) (Table 5).
These preliminary greenhouse experiments were per-
formed to verify possible effects on plant growth and 
colonization of diazotrophic bacteria, aiming to obtain 
an indication of the treatments that could be taken to the 
field.
Field trials with maize and wheat
For the summer crop (maize), in Cachoeira Dourada, 
highest SDW was observed when seeds received a single 
dose of inoculant and 75 % N (T5) (Table 6). No signifi-
cant differences among treatments were observed in Luiz 
Eduardo Magalhães for SDW, but when NC was consid-
ered inoculation by foliar spray with two doses of inocu-
lant and 75 % of N (T8) was significantly superior to the 
100 % N (T2) control treatment. No significant effects of 
any treatment were observed for SDW of the plants from 
Ponta Grossa. Inhibitory effects of the soil spray inocu-
lation with two doses of inoculant (T10) on NC were 
evident both in Ponta Grossa and Cachoeira Dourada 
(Table 6).
Leaf spray inoculation at V2.5 stage with four (T9) and 
two (T8) doses of inoculant and 75  % of N promoted 
yield increases of 773 and 439  kg  ha−1 over non-inocu-
lated plants which received full N fertilization (T2) in 
Cachoeira Dourada (Fig.  1A). In Luiz Eduardo Magal-
hães, although not significantly different, plants receiv-
ing two doses of inoculant in-furrow (T10) with 75 %N 
had yield increases of 555 kg ha−1 relative to the 75 % N 
control (T3; Fig.  1B). Still in Luiz Eduardo Magalhães, 
inoculation in-furrow (T10) was significantly superior 
to treatments with foliar spray inoculation (T8, T9) and 
seed inoculation with a single inoculant dose receiving 
full N fertilization (T4) (Fig. 1B). In Ponta Grossa, even 
though no significant differences in grain yield could be 
observed, inoculation by foliar spray with two inoculant 
doses (T8) increased yield by 850  kg  ha−1 when com-
pared to the 100 % N control (T2) (Fig. 1C).
In the comparison of treatments and the control receiv-
ing 75  % of N, wheat yield responded significantly to 
inoculation of seeds, and leaf and soil spray, confirming 
the benefits of Azospirillum inoculation (Fig. 2). The best 
results were obtained when two doses of inoculants were 
employed as leaf spray at the tiller stage 3 (Fig. 2).
Discussion
Recent data indicate that about 25 million doses of 
Bradyrhizobium spp. inoculants for soybeans, and 2 mil-
lion doses of A. brasilense inoculants, for maize and 
wheat, are sold annually in Brazil (Marks et  al. 2013). 
Although the commercialization of products containing 
Azospirillum seems proportionally low, such inoculants 
only reached the Brazilian market about a half decade ago, 
while rhizobia have been in the market for over 60 years. 
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In addition, very few field studies have been conducted 
under Brazilian conditions, and no options to avoid the 
incompatibility between the bacteria and the array of 
seed treatment agrichemicals are available. The results 
reported here are largely applicable to other important 
producing countries of South America and Africa.
Full replacement of N fertilizers for grasses by A. 
brasilense may not be feasible, because of the modest 
Table 5 Shoot dry weight (SDW), root dry weight (RDW), N content (NC), total N accumulated in the shoots (TNS), chloro-
phyll content (CC), root volume (RV), number of tillers (NT), and MPN (most probable number) of diazotrophic bacteria 
on leaves, roots and rhizosphere soil in a greenhouse experiment with wheat cultivar the BRS Gaivota in response to dif-
ferent doses of inoculant, levels of N fertilization, and methods of inoculation
Parameters determined at 54 days after seedling emergence
Means (five replicates) followed by the same letter on the same column are not significantly different from one another according to Duncan’s test (p ≤ 0.05), whereas 
means followed by * are significantly different from treatment 2 (T2) according to Dunnet’s test (p ≤ 0.05). ns not significant
C non-inoculated control, SI standard seed inoculation, IPF inoculation at planting in the furrow, ILS inoculation by leaf spray at the tiller stage 3, ISS inoculation by soil 
spray at the at the tiller stage 3
a N: 75 % (60 kg ha−1) and 100 % (80 kg ha−1), split in equal amounts every 8 days
b Inoculant dose:1× (1.74 × 104 cells seed−1 or 1.74 × 104 cells plant−1)






















soil (n° cells 
g−1)
T1: C + 75 %Na 1.64ns 1.71 bc 22.40 d 36.72 b 17.90 b 9.0ns 4.60 c 1.26 × 105 cd 2.64 × 108 abcd 3.30 × 106 bcd
T2: C + 100 %N 1.76 1.66 bc 27.42 abc 48.16 ab 17.89 b 9.1 4.90 bc 4.07 × 104 d 7.92 × 108 abcd 5.33 × 106 d
T3: SI + 1 
doseb + 75 %N
1.78 1.98 abc 26.79 abcd 47.98 ab 19.08 ab 8.1 5.00 bc 8.94 × 105 cd 5.28 × 108 abcd 2.24 × 106 bcd
T4: SI +1 dose 
+100 %N
1.80 2.23 abc 24.41 abcd 46.42 ab 19.67 ab 11.1 6.20 ab 6.95 × 105 bcd 9.00 × 107 bcd 2.19 × 106 cd
T5: SI + 2.5 
doses + 75 %N
1.62 1.96 abc 27.25 abc 44.06 ab 19.34 ab 7.4 5.00 bc 3.98 × 105 cd 4.97 × 108 abcd 1.00 × 107 
abcd
T6: SI + 2.5 
doses + 100 %N
1.83 2.35 ab 25.65 abcd 47.07 ab 19.15 ab 9.6 5.50 abc 3.69 × 106 abc 6.26 × 107 cd 4.14 × 106 
abcd
T7: IPF + 1 
dose + 75 %N
1.79 2.22 abc 24.54 abcd 44.06 ab 21.34 a 9.2 6.20 ab 5.04 × 106 abc* 5.42 × 108 abcd 1.38 × 107 
abcd
T8: IPF + 1 
dose + 100 %N
1.68 1.98 abc 24.91 abcd 41.90 ab 21.07 ab 9.3 5.20 abc 1.07 × 106 abcd 1.60 × 108 d 4.46 × 106 
abcd
T9: IPF + 2.5 
doses + 75 %N
1.56 1.81 bc 25.70 abcd 40.15 ab 19.58 ab 7.8 4.40 c 2.09 × 106 abcd 1.03 × 109 ab 3.32 × 107 abc
T10: IPF + 2.5 
doses + 100 %N
1.64 1.93 abc 27.05 abc 44.42 ab 22.36 a* 9.2 5.00 bc 1.14 × 106 abcd 4.84 × 108 abcd 3.29 × 107 a*
T11: ILS + 1 
dose + 75 %N
1.65 2.33 ab 23.60 bcd 38.60 b 19.63 ab 9.8 5.90 abc 2.40 × 107 a* 4.17 × 108 abcd 1.12 × 108 ab
T12: ILS + 1 
dose + 100 %N
1.66 2.61 a* 24.42 abcd 40.38 ab 20. 49 ab 12.1 6.60 a 2.74 × 106 abc 8.94 × 107 bcd 2.98 × 106 cd
T13: ILS + 2.5 
doses + 75 %N
1.50 1.57 c 26.23 abcd 38.46 b 21.99 a* 9.6 4.60 c 7.06 × 105 abcd 5.17 × 108 abcd 3.95 × 106 bcd
T14: ILS + 2.5 
doses + 100 %N
1.84 2.15 abc 28.48 a 51.64 a 20.35 ab 8.0 5.70 abc 3.82 × 107 a* 6.82 × 107 bcd 6.20 × 106 
abcd
T15: ISS + 1 
dose + 75 %N
1.62 1.76 bc 23.17 cd 37.29 b 21.26 a 8.4 5.00 bc 9.72 × 106 ab* 9.92 × 108 abc 5.36 × 106 bcd
T16: ISS + 1 
dose + 100 %N
1.72 1.55 c 27.87 ab 47.11 ab 16.65 ab 6.4 5.90 abc 1.04 × 106 abc 2.40 × 109 a* 2.42 × 106 cd
T17: ISS + 2.5 
doses + 75 % N
1.54 1.94 abc 27.25 abc 41.46 ab 19.56 ab 8.4 5.00 bc 1.45 × 106 abc 8.23 × 108 abcd 2.13 × 106 cd
T18: ISS + 2.5 
doses + 100 % N
1.75 2.09 abc 28.88 a 43.82 ab 20.01 ab 10.3 6.30 ab 1.90 × 106 abc 1.21 × 109 abcd 1.77 × 106 d
p value 0.5401 0.0497 0.0217 0.0043 0.0015 0.2877 0.0125 <0.0001 0.0002 0.0134
CV (%) 21.31 24.74 11.44 21.06 13.04 30.25 18.74 14.32 7.5 8.09
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contribution of biological nitrogen fixation by the bac-
terium. However, the combination of all minor contri-
butions by Azospirillum to plant growth may result in 
plants that are more efficient to absorb water and nutri-
ents from soil, thus enhancing plant nutrition and growth 
(Stancheva et  al. 1992; Dobbelaere et  al. 2001, 2002; 
Bashan et al. 2004; Bashan and de-Bashan 2010; Hungria 
et al. 2010, 2013, 2015; Kouchebagh et al. 2012).
In our study, we observed that spray inoculation, either 
on the leaves or on the soil surface increased maize plant 
growth. In general, when inoculation with Azospirillum 
was associated to 75  % of the complementary dose of 
N, plant growth was superior to non-inoculated plants 
receiving 100  % N. Therefore, the replacement of 25  % 
of the N-fertilizer by Azospirillum is profitable for the 
farmer and the environment.
The efficiency of Azospirillum spp. may be negatively 
affected by the presence of high levels of N fertilizers, due 
to the rapid decrease in the activity of nitrogenase (Hart-
mann 1989), and in general such negative effects were 
also observed in our study. On the other hand, stimula-
tion in response to the association between lower doses 
of N and Azospirillum are reported (Piccinin et al. 2013). 
For example, in our greenhouse experiment with wheat, 
shoot dry matter was not affected by inoculation, but 
foliar spray inoculation resulted in increased root sys-
tems and N accumulation in the shoots. Reports from 
literature show increases in root growth and N accumu-
lation in the shoots of maize and Setaria grass inoculated 
with A. brasilense (Cohen et al. 1980), effect that has been 
attributed to morphological and physiological changes in 
the roots, promoting water and nutrient uptake by the 
plants (Dobbelaere et al. 2001, 2002).
Alterations in the root system are probably caused 
by the presence of plant growth hormones, especially 
indoleacetic acid (IAA) produced and secreted by Azos-
pirillum, thus playing a major role in plant growth pro-
motion (Bashan and Holguin 1997). In addition to IAA 
production, Azospirillum, as well as other PGPB have 
been implicated with an array of mechanisms that act 
simultaneously or sequentially and result in increased 
plant growth (Bashan and de-Bashan 2010), root forma-
tion, cell division and growth, and production of lateral 
and adventitious roots (Werner et  al. 2003; Bhattachar-
yya and Jha 2012). Azospirillum has also been implicated 
with higher photosynthesis rates and photosynthetic pig-
ments (Bashan et  al. 2006; Barassi et  al. 2008; Hungria 
et al. 2010).
Table 6 Shoot dry weight (SDW) and N content (NC) in maize plants from field experiments performed in three different 
regions of  Brazil (Cachoeira Dourada, hybrid 2B707 HX, Luis Eduardo Magalhães, hybrid 2B707 HX, and  Ponta Grossa, 
hybrid P4285 H), in response to different doses of N fertilizer, doses of inoculant and methods of inoculation with Azos-
pirillum brasilens
Plants harvested at 30, 56 and 61 days after emergence, in Cachoeira Dourada, Luis Eduardo Magalhães and Ponta Grossa, respectively
Means (six replicates) followed by the same letter on the column are not significantly different from one another according to Duncan’s test (p ≤ 0.05). ns not 
significant
C non-inoculated control, SI standard seed inoculation at sowing, IPF inoculation at planting in the furrow, ILS inoculation by leaf spray at the V2.5 stage, ISS 
inoculation by soil spray at the V2.5 stage
a N, 75 % (24 kg ha−1 at sowing + 67.5 kg ha−1 as side dress); 100 % (24 kg ha−1 at sowing + 90 kg ha−1 as side dress)
b Dose, 1 dose (1.0 × 105 cells seeds−1 or 1.0 × 105 cells plant−1)
Treatment Cachoeira Dourada Luis E. Magalhães Ponta Grossa
SDW (g pl−1) NC (mg g−1) SDW (g pl−1) NC (mg g−1) SDW (g pl−1) NC 
(mg g−1)
T1: C 29.45 c 23.08 a 68.82ns 30.08 b 49.08ns 18.91 d
T2: C + 100 % Na 36.01 abc 22.19 a 66.30 30.05 b 53.50 23.69 ab
T3: C + 75 % N 33.01 ab 21.16 ab 65.78 30.97 ab 56.09 23.74 ab
T4: SI + 1 doseb + 100 % N 36.68 abc 20.93 ab 71.34 31.60 ab 54.12 24.67 a
T5: SI + 1 dose + 75 % N 41.13 a 21.60 ab 71.26 33.43 ab 58.33 23.86 ab
T6: IPF + 2 doses + 75 % N 34.41 abc 20.31 abc 70.50 32.79 ab 53.95 21.11 c
T7: IPF + 4 doses + 75 % N 34.23 abc 19.18 bc 65.45 34.10 ab 54.14 22.15 bc
T8: ILS + 2 doses + 75 % N 34.26 abc 19.07 bc 69.75 35.31 a 49.48 22.71 bc
T9: ILS + 4 doses + 75 % N 36.34 abc 18.68 bc 77.63 33.88 ab 54.97 20.94 c
T10: ISS + 2 doses + 75 % N 39.47 ab 17.69 c 71.94 30.58 b 50.60 20.82 c
T11: ISS + 4 doses + 75 % N 32.18 bc 20.76 ab 75.41 31.36 ab 47.73 20.96 c
p value 0.0438 0.0028 0.5303 0.0764 0.4597 <0.0001
CV (%) 34.64  10.82 13.97 10.07 15.15 6.77
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In contrast to the satisfactory results of foliar spray 
inoculation that we observed in this study, in-furrow 
inoculation with elevated doses of Azospirillum was 
somewhat inhibitory to plant growth. Dobbelaere et  al. 
(2002) suggested that high concentrations of plant hor-
mones, which are stimulatory at low concentrations, may 
have negative effects on plant growth. The higher abun-
dance of Azospirillum in the root environment may have 
increased the secretion of such hormones, thus inhibit-
ing root growth. Similar negative effects of high concen-
trations of Azospirillum have been previously reported 
for wheat (Bashan 1986) and maize (Fallik et  al. 1988). 
Hungria et  al. (2013) observed benefits only at lower 
doses of inoculation, and growth inhibition with higher 
doses of Azospirillum when soybean and common bean 
were co-inoculated with rhizobia and the same strains 
of Azospirillum employed in our study. Inoculation with 
high concentrations of Azospirillum also decreased the N 
content of field-grown plants in Cachoeira Dourada and 
Ponta Grossa, but not in Luiz Eduardo Magalhães. Our 
results present strong evidence that field inoculation with 
PGPB must pay attention to inoculant doses, and point to 
the need of fine adjustments so as not to cross the thresh-
old of growth stimulation and inhibition.
In this paper, we report positive effects of inoculation 
on maize root volume, in addition to increases in plant 
height when inoculant was sprayed on the soil, whereas 
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Fig. 1 Grain yield (kg ha−1) of maize in location of Cachoeira 
Dourada (A hybrid 2B707 HX), Luis Eduardo Magalhães (B hybrid 
2B707 HX), and Ponta Grossa (C hybrid P4285 H), in response to differ-
ent managements with N-fertilizer and inoculants with Azospirillum 
brasilense. All treatments received 24 kg of N ha−1 at sowing and 
N-treatments refers to the complementary N-fertilization applied at 
35 days after emergence: 0 N (no N fertilizer); 100 N (100 % N); 75 N 
(25 % reduction in the complementary N fertilization). Inoculant 
doses: D1 (one standard dose, 1.0 × 105 cells seeds−1 or 1.0 × 105 
cells plant−1); D2 (2 doses); D4 (4 doses). Inoculation methods: CON-
TROL (non-inoculated); SEED (standard seed inoculation); SOIL (soil 
spray inoculation at the V2.5 stage); FOLIAR (leaf spray inoculation at 
the V2.5 stage); FURROW (inoculation in the planting furrow at sow-
ing). Yields were obtained from grains harvested in the central lanes 
of each replicate (8 m2), dried to 13 % of moisture and estimated to 
1 ha. Means of six replicates and different letters indicate statistical 
difference (Duncan’s test at p ≤ 0.05)
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Fig. 2 Grain yield (kg ha−1) of wheat cultivar BRS Pardela in Ponta 
Grossa, PR, in response to different managements with N-fertilizer 
and inoculants with Azospirillum brasilense. All treatments received 
24 kg of N ha−1 at sowing and N-treatments referred to the comple-
mentary N-fertilization applied at 35 days after emergence: 0 N (no N 
fertilizer); 100 N (100 % N); 75 N (25 % reduction in the complemen-
tary N fertilization). Inoculation treatments consisted of SI (standard 
seed inoculation at sowing), IPF (inoculation in the furrow at sowing), 
ILS (inoculation by leaf spray at the tiller stage 3), ISS (inoculation by 
soil spray at the tiller stage 3), with one D1 (1.74 × 104 cells seed−1 or 
1.74 × 104 cells plant−1); D2 or D4 doses. Yields were obtained from 
grains harvested in the central lanes of each replicate (7.2 m2), dried 
to 13 % of moisture and estimated to 1 ha. Means of six replicates 
and different letters indicate statistical difference (Duncan’s test at 
p ≤ 0.05)
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probably related to plant growth hormones that might 
have been present in the inoculants or were produced 
by the bacteria. Azospirillum colonizes plant niches that 
are protected from oxygen and, as a result, nitrogenase is 
maintained functional (Dobbelaere et  al. 2003). Coloni-
zation of intercellular spaces between the epidermis and 
the cortex, and of the outermost layers of the cortex of 
inoculated roots is frequently observed (Patriquin et  al. 
1983; Mostajeran et al. 2007). A. brasilense was predomi-
nantly located between the apoplast and the epidermal 
cells of wheat roots (Nabti et  al. 2010). However, these 
bacteria can also colonize leaves (Bashan 1998). Even 
after surface disinfection, those authors observed that 
the bacteria were more frequent on the roots, followed 
by culms and leaves of maize plants. In this study, we 
observed higher numbers of bacteria on roots, but they 
were also recovered, although in 100-fold lower popula-
tions, from leaves.
Azospirillum survives well in Brazilian soils and can be 
found in association with plants even when no inocula-
tion is done. For example, Pereyra et al. (2010) detected 
populations of A. brasilense of 3 × 103 colony forming 
units (CFU) g−1 of roots of non-inoculated cucumber 
(Cucumis sativus) plants, whereas the roots of inocu-
lated plants contained as much as 8 × 106 CFU  g−1. In 
our study, both maize and wheat plants showed improved 
rhizosphere and root colonization by diazotrophic bac-
teria in some treatments that received inoculation in-
furrow. Bacterial abundances also showed some increase 
when non-inoculated treatments were considered, but 
responses were more expressive when inoculation was 
performed.
Inoculation by soil spraying resulted in increased inter-
nal colonization of aerial plant parts of wheat by Azos-
pirillum, indicating high bacterial mobility through the 
plants. Several authors (Baldani et  al. 1992; James et  al. 
1994; Souza et  al. 2004) have suggested that the pres-
ence of diazotrophic bacteria in xylem vessels may indi-
cate that this may be one route of bacterial migration to 
different plant parts. The internal colonization of both 
maize and wheat leaves also increased in response to 
foliar spray inoculation, suggesting that in this case the 
stomata acted as a passive doorway for bacteria, since for 
leaf sprays the soil was covered to avoid cross contamina-
tion and root colonization by inoculant bacteria. In fact, 
in a scan electron microscopy (SEM) study performed 
by Baldotto et  al. (2011) to evaluate the colonization of 
pineapple [Ananas comosus (L.) Merril] by Herbaspiril-
lum seropedicae, bacterial aggregates could be observed 
over trichomes and junctions of the epidermis cell walls, 
as well as on the external periclinal wall and near stomata 
complexes. Those authors suggested that their observa-
tions evidenced that bacterial penetration in the leaves 
occurred passively via stomata, and colonization began 
in the sub-stomata chamber and progressed on through 
the intercellular spaces of the spongy chlorenchyma of 
the leaf mesophyll. Similarly, Souza et  al. (2004) have 
observed that bacterial distribution throughout maize 
leaves takes place via colonization of the epidermal cells 
of the adaxial face, with the formation of aggregates on 
the epidermis or near the stomata. Another evidence of 
leaf colonization obtained in our study is that our tests 
have indicate that Azospirillum can barely survive 2 h on 
the leaves, and far less under field conditions (data not 
shown), giving more support to the hypothesis that the 
increase in bacteria inside the leaves could be related to 
colonization associated with leaf spray. It is worth rein-
forcing that in our field experiments with maize in gen-
eral yields of inoculated plants with maize and receiving 
75 % of the complementary dose of N-fertilizer produced 
as much as non-inoculated plantas receiving 100 % of N.
Inoculation with A. brasilense may result in increases of 
wheat yield, or maintain actual yield standards but with a 
reduction in the amounts of N fertilizers applied (Roth-
baller et  al. 2003; Hungria et  al. 2010; Venieraki et  al. 
2011; Piccinin et  al. 2013). Increased yield in wheat is 
generally attributed to an increase in the number of fer-
tile tillers (Salantur et al. 2006), and inoculation with A. 
brasilense resulted in more tillers in wheat plants grown 
in disinfected soil (Saubidet et  al. 2002). In our study, 
inoculation by both soil and leaf sprays also resulted in 
more tillers in the greenhouse experiment, strengthen-
ing the hypothesis of increased tillering as a mechanism 
of yield promotion in response to inoculation with Azos-
pirillum. Although tillering was not evaluated in the field, 
our data confirmed the benefits of A. brasilense to wheat 
grain yield, since all treatments that received inoculants 
produced more grains than the non-inoculated controls, 
even when full N fertilization was performed. In addi-
tion, in our field trial with wheat in general the presence 
of the inoculant applied to the seeds, or by soil or leaf 
spray allowed a 25 % reduction in the rates of N fertiliza-
tion with better yields than when 100 % N was employed 
without inoculation.
Grain yield of inoculated maize increased due to 
improved N nutrition, and part could be attributed to 
biological nitrogen fixation by Azospirillum spp. (Dobb-
elaere et  al. 2003), but the magnitude of the response 
depended on the level of N fertilization practiced, as 
reported before (Piccinin et al. 2013). In studies of maize 
seed inoculation with different species (A. lipoferum and 
A. brasilense) and strains (including the two strains of 
the present study), Hungria et  al. (2010) observed yield 
increases of up to 30  % (or 823  kg  ha−1), which were 
attributed to improved N nutrition and to increased 
nutrient absorption by inoculated plants with larger root 
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systems. In Cerrado region of Brazil, 29 % yield increases 
in maize were due to inoculation with Azospirillum (Fer-
reira et al. 2013).
In Brazil it is estimated that 70 % of the N fertilizers are 
imported from other countries, resulting in high costs for 
agricultural activities (Hungria et al. 2013). The increased 
yields obtained from treatments that receive adequate 
doses of inoculants, combined with a 25  % reduction 
in urea application present an attractive alternative to 
reduce costs in agriculture. For example, in the experi-
ment performed in Cachoeira Dourada, inoculation by 
leaf spray with the highest inoculant dose promoted an 
increase of 773 kg ha−1 in grain yield of maize over the 
treatment that received the full dose of N fertilizer (100 % 
N), with no inoculation.
In conclusion, taking into account the search for more 
conservative agricultural systems, inoculation with A. 
brasilense stands as a promising strategy to contribute to 
increased sustainability. However, in times when more 
and more pesticides for seed treatment are released, and 
so little is known about their toxicity to inoculated Azos-
pirillum bacteria, compatibility with inoculants applied to 
the seed can seriously limit microbial contribution. In our 
study we have identified alternative methods of inocula-
tion to avoid the contact of Azospirillum with pesticides 
applied to the seeds, with an emphasis on leaf spray at the 
beginning of the vegetative phase. Alternative methods of 
inoculation may increase the utilization of such bacteria 
in the field and help reduce agricultural costs.
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